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A homogeneous protein with a subunit apparent molecular mass of 50 kDa that catalyzes the pre-
viously described mitochondrial NADH-supported ammonium-stimulated hydrogen peroxide pro-
duction (Grivennikova, V.G., Gecchini, G. and Vinogradov, A.D. (2008) FEBS Lett. 583, 1287–1291)
was puriﬁed from the mitochondrial matrix of bovine heart. Chromatography of partially puriﬁed
protein showed that the peaks of ammonium-stimulated NADH-dependent H2O2 production and
that of NADH:lipoamide oxidoreductase activity coincided. The catalytic properties and mass spec-
trometry of the trypsin-digested protein revealed peptides that allowed identiﬁcation of the protein
as the Bos taurus dihydrolipoyl dehydrogenase.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction relatively low (50 lM) NADH concentration, whereas it is signif-It is well recognized that mitochondria are signiﬁcant producers
of cellular hydrogen peroxide [1–5]. Two components of the respi-
ratory chain, NADH:ubiquinone oxidoreductase (complex I) [6–8]
and ubiquinol:cytochrome c oxidoreductase (complex III) [9–11],
have been shown to generate superoxide anion (O2), the immedi-
ate precursor of H2O2 [12]. Bovine heart submitochondrial particles
(SMP) which are essentially free of the mitochondrial matrix en-
zymes produce superoxide during coupled steady-state oxidation
of either succinate or NAD-dependent substrates, at rates of about
0.7% or 0.3% of the total oxygen consumed, respectively, in the
overall state 4 coupled oxidase reactions [13]. About two-third of
the succinate-supported O2 generation by SMP is sensitive to the
complex I inhibitor rotenone [13]. These data indicate that com-
plex I is a major contributor to the respiratory chain-mediated
superoxide production. A peculiar feature of complex I catalyzed
superoxide production is that it has an optimum activity atchemical Societies. Published by E
–PAGE, polyacrylamide gel
lphate
emistry, School of Biology,
Federation. Fax: +7 495 939
ogradov).icantly decreased at higher physiologically relevant levels of NADH
[13]. The superoxide generating activity of complex I is also
strongly inhibited by NAD+ [13]. Thus, it seems unlikely that com-
plex I is capable of signiﬁcant superoxide production under physi-
ologically relevant conditions where the total pool of NADH/NAD+
is in the millimolar range and a substantial amount of NAD+ is al-
ways present. We have proposed that rather than complex I some
other mitochondrial enzyme(s) is poised in equilibrium with the
NADH/NAD+ couple and that this enzyme(s) is the major producer
of hydrogen peroxide. This proposal was conﬁrmed by demonstra-
tion of NADH-supported ammonium-stimulated H2O2 formation
catalyzed by a crude soluble fraction of matrix-located proteins
[14]. Quantitation of the NADH-supported hydrogen peroxide for-
mation by permeabilized rat heart mitochondria (in the presence
of rotenone) showed that more than 70% of the total reaction
was catalyzed by protein(s) other than complex I. When stimulat-
ing ammonium was present almost all (95%) of the H2O2 was
produced by those protein(s) [15].
The nature of the soluble NADH-dependent, ammonium stimu-
lated, hydrogen peroxide producing enzyme(s) of mitochondrial
matrix remained obscure. Therefore we report here the data show-
ing that the E3 component of a-oxoacids dehydrogenases,
dihydrolipoyl dehydrogenase is the protein responsible for this
activity.lsevier B.V. All rights reserved.
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2.1. Protein puriﬁcation
Bovine heart mitochondria were prepared as described [16],
separated for ‘‘heavy’’ and ‘‘light’’ fractions and stored at 20 C.
Pilot experiments showed that the speciﬁc activities of NADH-sup-
ported, ammonium-stimulated H2O2 production were essentially
the same for ‘‘heavy’’ and ‘‘light’’ mitochondria and the latter frac-
tion was used for protein puriﬁcation. All operations were carried
out at 0 C. Mitochondria were thawed, diluted to a protein content
of 20 mg/ml, EDTA (1 mM ﬁnal concentration) and NH4OH were
added, to adjust the pH to 8.6, and the mixture was subjected to
sonication (Soniprep 150-MSE, maximal power output) under ar-
gon ﬂow six times for 30 s with 1 min intervals. The suspension
was centrifuged for 60 min at 200 000 g. The clear supernatant
was collected and used as crude matrix protein fraction. Solid
ammonium sulphate (0.17 g per ml, 30% saturation) was added
and the mixture was centrifuged for 20 min at 10 000 g. The dia-
lyzed supernatant solution was heated in a water bath (20 min,
60 C) and after separation of precipitated protein the supernatant
(170 ml) was concentrated to a ﬁnal volume of 50 ml (Centriprep
30). The solution was applied to a 5 ml High Trap Q-Sepharose col-
umn (AKTA FPLC system, GE Healthcare) equilibrated with 15 mM
Tris/acetate buffer containing 0.1 mM EDTA (pH 7.6). The column
was washed and the protein was then eluted by a linear gradient
of 0–0.4 M NaCl. The active fractions (NADH-supported H2O2 pro-
duction, 1 ml each) were collected. Ammonium sulphate (7.3 g)
was added to the 25 ml pooled fractions and the sample was ap-
plied to 5 ml High Trap Phenyl HP column equilibrated with
30 mM Tris/acetate, 0.1 mM EDTA and 1.8 M ammonium sulphate.
The column was washed, the proteins were eluted by a linear
descending gradient of ammonium sulphate (40–20%) in the same
buffer. The peak fractions (1 ml each) showing activity were eluted
by 20–0% linear descending gradient of ammonium sulphate. They
were pooled in a total volume of 8 ml and dialyzed two times for
1 h against 1 l of 15 mM Tris/Cl, 0.1 mM EDTA solution, pH 7.6.
The protein thus obtained was stored in liquid nitrogen as small
aliquot samples.
2.2. SDS–PAGE and protein determination
Electrophoresis was carried out using 12.5% SDS–polyacryl-
amide gels according to standard procedure [17]. Sigma Dalton
Mark VII-L Standard Mixture, 14 000–66 000 for polyacrylamide
gel electrophoresis in the presence of sodium dodecyl sulphate
(SDS–PAGE) was used for molecular mass calibration. Gels were
stained with Coomassie Brilliant Blue (R250). Protein content
was determined by the biuret reagent with bovine serum albumin
as the standard. All catalytic activities are expressed on a protein
concentration basis. At some steps of puriﬁcation when diluted
protein samples were assayed the biuret method could not be ap-
plied due to its low sensitivity. To overcome this difﬁculty the fol-
lowing procedure was used. At the early steps of puriﬁcation the
protein content was determined by both biuret method and A280
absorption. An arbitrary coefﬁcient for the protein content deter-
mined as A280 absorption based on the values determined by the
biuret method was calculated (0.63 for 1 mg of protein per ml)
and used for the assays in the samples with low protein content.
2.3. The catalytic assays
All activities were assayed at 30 C in the standard reaction
mixture composed of 5 mM KH2PO4, 10 mM KCl, 0.25 M sucrose,
0.1 mM EDTA (pH 7.5) and appropriate substrates (concentrationare indicated in the legends to the ﬁgures and tables). Hydrogen
peroxide formation was monitored at 572 nm (resoruﬁn formation,
e572 = 54 mM1 cm1 [18] in the standard mixture supplemented
with Amplex Red (10 lM), horseradish peroxidase (2 U/ml) and
bovine erythrocyte superoxide dismutase (SOD) (6 U/ml). Superox-
ide production was measured as SOD-sensitive cytochrome c
(10 lM) reduction at 550 nm (e550 = 20 mM1 cm1). Transhydro-
genase activity was measured with acetyl-NAD+ as the second
substrate by following the absorption change at 375 nm (e375 =
5 mM1 cm1). Lipoamide reductase activity was determined as
NADH oxidation by 1 mM lipoamide. All the activities were initi-
ated by the enzyme additions. The background reaction seen in
the presence of all components before the addition of protein
was negligible (not more than 1–2% of the catalytic rates).
2.4. Mass-spectrometry
MS experiments were performed at the Institute of Physico-
Chemical Medicine, Federal Medical-Biological Academy, Moscow,
Russian Federation on an Ultraﬂex tandem time-of-ﬂight instru-
ment (Bruker Daltonics, Germany). The precision of monoisotopic
masses after calibration by trypsin autolysis peaks was 0.005%.
The destained dehydrated gel samples were digested by modiﬁed
trypsin (Promega) in 50 mM NH4HCO3 for 14 h at 37 C and hydro-
lyzed material was extracted by 0.5% triﬂuoroacetic acid and 10%
(v/v) acetonitrile. The extracts were used for matrix (2,5-dihydrox-
ibenzoic acid)-assisted laser desorption/ionization (MALDI) spec-
tra. Fingerprint protein identiﬁcation search was done in the NCBI
database using the Mascot program (www.matrixscience.com).
2.5. Reagents
Amplex Red was from AnaSpec, Inc. (USA), Tris and sucrose
were from MP Biomedical Inc. (France). Other ﬁne chemicals were
from Sigma-Aldrich (USA).
3. Results
Table 1 provides a summary of the results of the puriﬁcation of
the protein responsible for the mitochondrial NADH-supported
hydrogen peroxide production. About one-third of the total ammo-
nium-stimulated activity seen in the crude soluble supernatant
was recovered in the fractions eluted from Phenyl-Sepharose as a
single peak (Fig. 1A). The pooled fractions had a speciﬁc activity
of 1.8 lmol min1 mg1 (in the presence of ammonium chloride)
corresponding to a 240-fold enrichment of the protein. The active
protein that eluted from Phenyl-Sepharose column appeared as a
single band in SDS-electrophoresis corresponding to an apparent
molecular mass of about 50 kDa (Fig. 1B). This is similar to the
molecular size of the E3 component (dihydrolipoyl dehydrogenase)
of a-oxoacid dehydrogenases and glycine cleavage complex. It was
found that the activity for the NADH-supported ammonium-
stimulated hydrogen peroxide generation and NADH: lipoamide
oxidoreductase coincided (Fig. 1A) in the protein eluting from the
column. The relative oxidoreductase activities of the puriﬁed pro-
tein with different electron acceptors are depicted in Table 2. Nei-
ther transhydrogenase, nor lipoamide reductase activities were
affected by ammonium chloride whereas more than 10-fold stim-
ulation of hydrogen peroxide production was evident. Only about
two-fold stimulation of superoxide production by ammonium
was observed. The stimulatory effect of ammonium was speciﬁc:
guanidine chloride (10 mM), methyl-, dimethyl-, trimethyl-amines
(30 mM each), lysine, arginine and spermine (10 mM each) were
tested and none of these compounds affected hydrogen peroxide
producing activity. When 1 mM NADPH was used as the substrate
Table 1
Puriﬁcation of the mitochondrial protein catalyzing NADH-supported, ammonium-stimulated H2O2 production.
Fraction Protein (mg) Total activitya (nmol min1) Speciﬁc activity (nmol min1 mg1) Puriﬁcation Yield (%)
NH4Cl +NH4Cla
Mitochondriab 2540 19,400 1.9 7.7 1 100
Supernatant (200,000g) 448 6000 3.7 13.4 1.7 31
After heat treatment 54 3830 9.2 70.9 9.2 20
Q-Sepharose pool 5 2600 55.0 532 69 13
Phenyl-Sepharose pool 1 1850 232 1850 240 9.5
a Measured with 50 lM NADH in the presence of 30 mM NH4Cl.
b Mitochondria (25 lg/ml) were permeabilized by preincubation with alamethicin (40 lg/ml) and MgCl2 (2.5 mM) for 30 s [19]. The potent complex I inhibitor NADH-OH
(5 nmol/mg of protein) was then added to avoid complex I mediated activity [20] and preincubation was continued for 1 min before assay.
Fig. 1. (A) Chromatography of Q-Sepharose pooled fractions on Phenyl-Sepharose.
The details of the chromatography are described in Section 2. Solid line, protein
elution proﬁle; broken line, ammonium sulfate descending gradient. Shadowed
peak corresponds to the fractions showing NADH-supported hydrogen peroxide
generation and NADH: lipoamide oxidoreductase activities. Seventy one and eighty
one per cent of the total protein applied on the column NADH-supported H2O2
production and lipoamide reduction activities, respectively, were recovered in the
fractions 117–127 (shadowed peak). A sample of the peak fraction was diluted 1.5-
fold by denaturating solution and 5 ll of the mixture were applied on the gel. (B)
Lane 1, SDS–PAGE of the protein showing hydrogen peroxide generating and
lipoamide reductase activities. Lane 2, molecular mass markers. The apparent
molecular mass (kDa) is shown on the right.
Table 2
Reactivity of puriﬁed protein with different electron acceptors (pH 7.5, 30 C).
Reaction Speciﬁc activity (lmol of NADH
consumed min1 mg1)
NH4Cl +NH4Cla
NADH? O2 (H2O2 production)b 0.17 1.8
NADH? O2 (superoxide production)c 0.08 0.19
NADH? acetyl-NAD+ (transhydrogenase)d 7.4 5.6
NADH? lipoamidee 44.0 49.0
a 30 mM NH4Cl.
b Amplex red assay with 200 lM NADH.
c SOD-sensitive reduction of 10 lM cytochrome c by 200 lM NADH. SOD-
insensitive rate of cytochrome c reduction was not more than 15% of the observed
overall rate.
d 100 lM NADH and 100 lM acetyl-NAD+ as the substrates.
e 100 lM NADH and 1 mM lipoamide as the substrates.
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Red assay was observed (not shown). This was evidently due to
contamination of NADH in the NADPH samples.
The kinetics of NADH-supported hydrogen peroxide formation
were also evaluated. The activity was dependent on NADH and
ammonium chloride concentrations (within 5–100 lM and 10–
200 mM ranges, respectively) in a simple mutually dependent
hyperbolic modes (Fig. 2A and B). The same pattern was seen in
ammonium-independent lipoamide reduction (Fig. 2C) with anapparent KNADHm equal to 12 lM. This value is close to that deter-
mined for the NADH-supported H2O2 production in the absence
of ammonium. The hydrogen peroxide generating activity was
strongly decreased by NAD+; half maximal inhibition at 4 and
12 lM NAD+ was observed when 20 and 100 lM NADH was used
as the substrate (Fig. 3).
Taken together the results presented above strongly suggested
that the protein responsible for the mitochondrial ammonium-
stimulated hydrogen peroxide production is identical to dihydroli-
poyl dehydrogenase. This was conﬁrmed by mass spectrometry
analysis of the peptides obtained after tryptic digestion of the sin-
gle protein band shown in Fig. 1B. Table 3 depicts the peptides
identiﬁed by the mass-spectral analysis as they correspond to the
amino acid sequence of bovine dihydrolipoyl dehydrogenase. Fur-
ther conﬁrmation of the identiﬁcation was obtained by using
cloned and puriﬁed human dihydrolipoyl dehydrogenase which
showed essentially the same catalytic activities as those depicted
in Table 2 (data not shown).
4. Discussion
We have identiﬁed the mitochondrial matrix located ammo-
nium-stimulated H2O2 producing protein as dihydrolipoyl dehy-
drogenase. Although these studies were focused on the problem
of identiﬁcation, not on the development of preparative procedure,
the data of Table 1 merit brief discussion. About four-fold stimula-
tion of the speciﬁc activity by ammonium was seen when all ma-
trix-located proteins, except for complex I, participated in the
overall NADH-supported H2O2 production. The stimulatory effect
was signiﬁcantly increased (up to 8–10-fold) when puriﬁed protein
was assayed. This suggests that in addition to dihydrolipoyl dehy-
drogenase other not yet identiﬁed matrix located protein(s) con-
tribute to the mitochondrial NADH- and/or NADPH-supported
hydrogen peroxide production. No detergents or other strong solu-
bilizing agents were used to obtain the crude soluble matrix frac-
tion where only about 30% of the original total activity was
recovered. This suggests that some amount of dihydrolipoyl dehy-
drogenase and, perhaps other hydrogen peroxide producing
protein(s) in addition to the fraction captured in unbroken mito-
chondria are bound to the inside-out vesicles. We were unable to
see any a-oxoglutarate or pyruvate dehydrogenase activities in
the 200 000 g supernatant (data not shown). This observation
may reasonably be interpreted that the protein puriﬁed as shown
in Table 1 is free, soluble dihydrolipoyl dehydrogenase (hydrogen
peroxide producing NADH oxidase) not associated with supramo-
lecular complexes of a-oxoglutarate, branched chain oxoacids and
pyruvate dehydrogenases or glycine-cleavage system. If this inter-
pretation is correct, the ammonium-dependent hydrogen peroxide
production is another intriguing ‘‘moonlight function’’ for dihydro-
lipoyl dehydrogenase [21–24].
We have shown previously that mitochondrial hydrogen perox-
ide formation is strongly activated by ammonium [14,15]. As
Fig. 2. Double reciprocal plots for the substrate (NADH, A) and activator (NHþ4 , B) dependencies of the enzyme hydrogen peroxide generating activity. (A) Lines 1, 2 and 3,
ammonium concentration in the standard assay mixture were 0, 5, and 30 mM, respectively. The kinetic parameters (KNADHm and Vmax), corresponding to each lines are
expressed in lM and lmol min1 mg1, respectively. (B) Lines 1, 2, and 3, NADH concentrations in the assay mixture were: 10, 50, and 100 lM, respectively. The kinetic
parameters (KNH4þs and Vmax) are expressed in mM and lmol min
1 mg1, respectively. (C) Lipoamide reductase activity. KNADHm and Vmax are expressed as in A.
Fig. 3. Inhibition of NADH-supported hydrogen peroxide formation by NAD+.
Ammonium concentration in the standard assay mixture was 30 mM. Arbitrary unit
activity corresponds to 1.9 lmol min1 mg1 (line 1) and 1.3 lmol min1 mg1
(line 2) at 100 and 20 lM NADH, respectively.
Table 3
Correspondence between peptide fragments of bovine dihydrolipoamide dehydroge-
nase and the mol. masses of the peptides after tryptic digestion of the mitochondrial
protein catalyzing NADH-supported, ammonium-stimulated H2O2 production as
determined by MALDI analysisa.
Amino acid
residue
numbersb
Mr of matched
peptidesc
Peptide assigned
Observed Calculated
60–66 734.3933 733.4123 K.AAQLGFK.T
90–104 1721.9225 1720.8797 K.ALLNNSHFYHLAHGK.D
90–109 2298.1630 2297.1454 K.ALLNNSHFYHLAHGKDFASR.G
110–117 920.4668 919.4433 R.GIEMSEVR.L
110–117 936.4639 935.4382 R.GIEMSEVR.L Oxidation (M)
110–122 1533.8313 1532.7868 R.GIEMSEVRLNLEK.M
Oxidation (M)
133–143 1127.6952 1126.6499 K.ALTGGIAHLFK.Q
316–334 2201.1873 2200.1488 R.RPFTQNLGLEELGIELDTR.G
347–365 1995.1301 1994.0659 K.IPNIYAIGDVVAGPMLAHK.A
oxidation (M)
405–417 1581.8074 1580.7569 K.SEEQLKEEGIEYK.V
418–428 1193.6822 1192.6353 K.VGKFPFAANSR.A
421–428 909.4682 908.4504 K.FPFAANSR.A
483–495 1467.7734 1466.7089 R.VCHAHPTLSEAFR.E
483–495 1538.7980 1537.7460 R.VCHAHPTLSEAFR.E
propionamide (C)
496–505 1007.5454 1006.5083 R.EANLAASFGK.S
a Protein score of 142 for bovine dihydrolipoamide dehydrogenase (accession in
NCBI database gi|76615127) with cut-off value of 82 for P < 0.05 conﬁdence.
Sequence coverage was 26%. No search for speciﬁc posttranslation modiﬁcations
was done.
b In bovine dihydrolipoamide dehydrogenase.
c For peptides after tryptic digestion of the band shown in Fig. 1 B. Seven peptides
not matched to dihydrolipoamide dehydrogenase sequence were present in small
amount thus suggesting slight contamination of the band by other protein(s).
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pounds that contain positively charged nitrogen atoms stimulate
the reaction catalyzed by the puriﬁed enzyme (Table 2). A gradual
increase of ammonium concentration was accompanied by an in-
crease of both Vmax and apparent Km for NADH (Fig. 2A). A plausi-
ble, although speculative explanation of the phenomenon is that
binding of ammonium near the isoalloxazine moiety of FAD de-
creases the midpoint redox potential of the ﬂavin. This would be
expected to shift the equilibrium of intramolecular transformation:
EoxNADHM EredNAD+, the step which contributes to apparent
afﬁnity of the enzyme to NADH (see Ref. [25] for more discussion
of this point). On the other hand, at saturating NADH a decrease
of ﬂavin redox potential is expected to increase its reactivity to
oxygen. This explanation is also applicable to the data shown in
Fig. 2B that shows a decrease of apparent afﬁnity to ammonium
upon saturation of the enzyme by NADH.
Perhaps the most interesting problem concerning the strong
ammonium-dependence of hydrogen peroxide production is whe-
ther the phenomenon is relevant to mitochondrial physiology. The
apparent stimulatory effect of ammonium as reported here is seen
at very high concentration (30 mM) which exceeds that suggested
as the physiologically relevant level. It should be noted, however,
that the actual steady-state concentrations of ammonium in the
mitochondrial matrix during oxidation of ammonium producing
substrates is not known. The ammonium concentration may rise
if a kinetic limitation of the inner membrane for permeability for
ammonium exists when mitochondria oxidize glutamine or gluta-
mate. Such a limitation for ‘‘free permeable’’ hydrogen peroxide
has recently been demonstrated [15]. It would be of obvious inter-est to compare hydrogen peroxide production by intact mitochon-
dria oxidizing ‘‘classical’’ Krebs cycle intermediates (succinate,
pyruvate plus malate) with that observed during ammonium pro-
ducing substrate oxidation. Studies on the respiratory and hydro-
gen peroxide producing activities in the presence of glutamine,
the most abundant free amino-acid would seem of particular inter-
est [26,27].
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